ABSTRACT A compact microstrip low-pass filter (LPF) with an ultra-wide stopband and its design procedure are proposed in this paper. Using three-stepped impedance stubs(SISs), multiple transmission zeros are introduced in the stopband and can be freely controlled by tuning the impedance ratio of the SISs. Without using the defected ground structures to expand the stopband, three additional open-circuited stubs are used to suppress more spurious passbands of the LPF. To illustrate the concept, an experimental stopband LPF with cut-off frequency (f c ) at 0.9 GHz is designed, simulated, fabricated, and measured. A metallic box with absorbent material is used to load the lowpass filter with wide stopband. The measured results are found in good agreement with the simulated results, and indicated good performance: broad stopband (> 17.6f c ) with attenuation higher than 22.4 dB, low-passband insertion loss (<0.5 dB), and compact size.
I. INTRODUCTION
Compact size and high-performance such as ultra-wide stopband, and low insertion loss low-pass filters (LPFs) are highly desirable in numerous wireless applications for suppression of wide band noise and other spurious signals. One of the most conventional LPF is based on the alternate cascade of high-and low-impedance transmission-line (TL) segments. However, such conventional filters suffer from gradual cutoff and narrow stopband bandwidth [1] , [2] .
In order to overcome the mentioned drawback, a variety of methods [3] - [26] have been reported. Defected ground structures (DGS) have been used in [3] - [8] to realize wide stopband. In [3] , a compact dual planar electromagnetic bandgap microstrip LPF with a U-shaped geometry was proposed, and the circular DGS was employed to create transmission zero in the stopband. An H-headed dumbbell DGS was proposed in [4] to design a LPF with more compact size. An interdigital DGS slot was applied to LPF design in [5] , which introduced the transmission zeros to the filter responses improve their stop-band behavior. The accurate design technique for LPF using a dumbbell-shaped DGS was presented in [6] . However, the filter cut-off in [5] and [6] are gradual since the first transmission zero in the stopband is far from the cutoff frequency. Compact microstrip LPFs with high-selectivity and ultra-wide stopband based on a DGS and their procedures were proposed in [7] . However, the DGS for the microstrip line bring the disadvantages [8] of the additional radiation due to the partially open ground.
In recent years, instead of using DGS, coupled-line hairpin unit was used to extend the stopband of the LPF [9] - [17] . Additional transmission zero is excited by the coupling route, so the upper stopband is improved. Compact elliptic-function LPFs using stepped-impedance hairpin resonators were proposed in [9] , and its equivalent lumped-element model for proposed resonators was presented to synthesize the filters. A LPF with wide stopband was designed using transformative coupling hairpin in [10] . Using two different length coupledline hairpin units, a compact LPF with expanded upper stopband was designed in [11] . A compact LPF with an embedded bandstop structure for improved stopband characteristics was proposed in [12] ; however, the stopband was still relatively narrow. A tap-connecting stepped impedance hairpin unit with two transmission zeros has been proposed for the design of compact LPFs with an expanded upper stopband in [13] . In [14] , the design of a compact LPF with very wide-stopband was presented using the application of shunt stubs with single coupled-line hairpin unit; however, the measured 20-dB stopband extended just from 0.8 to 4.6 GHz. Two new classes of bandstop signal-interference transversal filtering section consisting of power directional couplers in reflection mode were proposed to design LPF in [15] and [16] . A LPF with reduced fractal DGS was proposed in [17] .
Another useful method for the ultra-wide stopband LPF design was based on the transformed open-circuited stubs [18] - [26] . A LPF with ultra-wide band rejection and compact size by using transformed radial stubs was introduced and investigated in [18] , and its operating mechanism was investigated based on equivalent-circuit model. In [19] , a LPF with ultra-wide stop-band using high-impedance meandered transmission lines loaded by triangular and polygonal resonant patches was proposed. DGSs and a transformed radial stub in combination was proposed to design ultra-wide stopband LPF in [20] . A LPF with a pair of radial stubs loaded at its center and a pair of stepped-impedance open stubs loaded on both ends of high-impedance microstrip line was proposed in [21] . Circular-shaped patches and open stubs were adopted to design LPF with ultra-wide stopband and the operating mechanism of the filter was investigated in [22] . To achieve wide stopband suppression, both a semi-fractal hairpin resonator and a U-shaped resonator were employed in the LPF in [23] . A miniaturized microstrip LPF with wide stopband using radial split ring resonator loaded by folded polygon patches has been designed in [24] . Multimode resonators have been presented to design compact ultrawide stopband LPF in [25] ; however, the filter roll-off is gradual. In [26] , a compact hexagonal shape elliptical LPF with wide stop band rejection has been proposed. Using two open stub resonators and three semicircular ring slots, more transmission zeros are created in the stop band to extend the stop band rejection frequency. Similar structure like SISs and harmonic ratio stubs have been applied in bandstop filter to extend the bandwidth of the stopband [27] - [31] . In [27] , a wideband bandstop filter using SISs was proposed, and transmission zeros were introduced by SISs, which ensured the high selectivity and flat rejection level of the stopband. Harmonic ratio stubs were used to designed bandstop filter with wide bandwidths and high rates of cutoff in [30] .
Following [7] , in this paper, a ultra-wide stopband LPF is designed and its detailed design procedure is proposed. Three SISs are used to realize the wide stopband. The initial values of impedance and length of the proposed structure are deduced from the given formula in Section II. In the one hand, three SISs are employed to form the passband characteristics. In the other hand, three SISs can introduce multiple transmission zeros, which can improve skirt selectivity and expand the stopband. Instead of using DGS [7] , three additional opencircuited stubs are used to suppress the harmonics of the LPF. Therefore, the proposed LPF is not only more easily fabricated than the LPF in [7] , but also has a lower radiation, which is important for application. A ultra-wide stopband LPF with cut-off frequency at 0.9 GHz is designed, simulated, fabricated and measured in Section III for validation.
II. LOWPASS FILTER ANALYSIS AND DESIGN

A. LPF DESIGN USING STEPPED IMPEDANCE STUB
Structure of the proposed ultra-wide stopband LPF is shown in Fig. 1(a) , which is composed of three stepped impedance 
and two connecting TL of high impedance lines (Z 3 , θ 3 ; Z 6 , θ 6 ), where all the electric lengths are defined at the cut-off frequency (f c ) of the LPF. When the electric lengths (θ 1 + θ 2 , θ 3 , θ 4 + θ 5 , θ 6 , θ 7 + θ 8 ) is smaller than 45 • (one-eighth wavelength), three SISs can be equivalent to parallel capacitors, while the high-impedance line can be equivalent to series inductors [2] . Therefore, the equivalent circuit of the proposed structure in Fig. 1(a) is a fifth-order LPF as shown in Fig. 1(b) .
The relationship between the values of the lumped elements and the parameters of the microstrip line can be deduced as follows [1] :
where g 1 , g 2 , g 3 , g 4 , g 5 are the element values of the LPF prototypes, Z 0 is the port impedance, ω c is the cut-off frequency of the LPF, and Z in−SIS1 , Z in−SIS2 , Z in−SIS3 are the input impedance of the three SISs respectively. According to (2) and (4), the impedance (Z 3 and Z 6 ) and electrical length (θ 3 and θ 6 ) of the high-impedance line can be deduced from g 2 and g 4 . The first SIS is taken as an example to obtain the parameters of the SISs. The impedance ratio and the relationship between the electrical lengths are defined as K 1 = Z 2 /Z 1 and θ 1 = θ 2 , and therefore Z in−SIS1 in (1) can be transformed as
According to (6) , proper parameters (K 1 , Z 2 , and θ 2 ) can be selected to meet the LPF specifications. Similarly, the parameters of the second and third SIS can be selected from (7) and (8) as follows
where
, and θ 7 = θ 8 . Next, the impact of these parameters on the filter performance will be analyzed.
To obtain more design values, the lossless transmission TL model is used to analyze the in-band and out-band performances of the LPF, therefore the ABCD parameters can be derived as follows A = cosθ 3 cosθ 6 − (γ 2 + γ 3 )Z 3 sin θ 3 cosθ 6 − Z 3 sin θ 3 cosθ 6 Z 6 − γ 3 Z 6 sin θ 6 cosθ 3 + γ 2 γ 3 Z 3 Z 6 sin θ 3 sin θ 6 (9) B = jZ 3 sin θ 3 cos θ 6 + jZ 6 sin θ 6 cos θ 3 − jγ 2 Z 3 Z 6 sin θ 3 sin θ 6 (10)
where γ 1 , γ 2 , γ 3 are defined as γ 1 = (K 1 + 1)/Z 2 (cotθ 2 -K 1 tanθ 2 ), γ 2 = (K 2 + 1)/Z 4 (cotθ 4 − K 2 tanθ 4 ), and γ 3 = (K 3 + 1)/Z 7 (cotθ 7 − K 3 tanθ 7 ) respectively. Thus, the corresponding transmission coefficient of the LPF is
Locations of the transmission zeros can be obtained by solving equation: S 21 = 0. The first three transmission zeros caused by each SISs are obtained as
< 90
From (14)- (22), the transmission zeros can be freely adjusted by tuning K 1 , K 2 , K 3 and θ 1 , θ 2 , θ 3 . Therefore, the selectivity of the LPF can be improved by selecting proper K and θ . To validate the analysis, a LPF with a fifth-order Chebyshev frequency response is designed with the following specifications: the cut-off frequency is 0.9 GHz and the passband ripple level is 0.02 dB. The element values of the LPF prototype are:g 1 = g 5 = 0.8471, g 2 = g 4 = 1.3446, g 3 = 1.6738. According to [7] , the detailed design procedure of the LPF can be summarized as follows. Firstly, the electrical length parameters can be set arbitrarily (smaller than one-eighth wavelength). Then, the high impedance (Z 3 and Z 6 ) can be deduced based on (2) and (4). Next, the parameters of the three SISs can be deduced from (6)-(8) with selecting proper K 1 , K 2 , and K 3 .
A fifth-order LPF with ripple level of 0.02 dB is designed on a substrate with dielectric constant ε r = 2.55, loss tangent δ = 0.0029, and thickness h = 0.8 mm for validation. The cut-off frequency is selected to be 0.9 GHz. The simulation is performed with ADS. The original impedances and electrical lengths of the LPF (in Fig. 1 ) obtained according to the design procedure are: Fig. 3 . It can be found that there are harmonics in the higher frequencies, which will be suppressed in the next section.
B. STOPBAND EXTENSTION
In order to suppress the harmonics in the higher frequencies, three open-circuited stubs (L 16 , W 10 ; L 19 , W 11 ; L 21 , W 12 ) which can introduce multiple transmission zeros in the stopband are added, as shown in Fig. 4 . For the three open-circuited stubs, the first stub (L 16 , W 10 ) and the second stub (L 19 , W 11 ) are shunted at the feeding line, while the third stub (L 21 , W 12 ) is loaded at midpoint of high impedance line (Z 6 , θ 6 ). The first transmission zero caused by each stub can be deduced as f stub1 = c 4L 16 √ ε eff (23) f stub2 = c 4L 19 √ ε eff (24) f stub3 = c 4L 21 √ ε eff (25) Where c is the velocity of electromagnetic waves in free space, and ε eff is the effective relative permittivity. Appropriate positioning of the transmission zeros caused by these three stubs enables the suppression of higher spurious frequencies. Fig. 5 shows the simulated S-parameters under different situations (with or without stubs), while the simulated results are also obtained by ADS. The simulated S-parameters shows that the stopband can be effectively extended by introducing the stubs.
III. FABRICATION AND MEASUREMENT
A fifth-order LPF with ripple level of 0.02 dB is fabricated on a substrate with dielectric constant ε r = 2.55, loss tangent δ = 0.0029, and thickness h = 0.8 mm for validation. The cut-off frequency is selected to be 0.9 GHz. The photograph of the proposed filter is shown in Fig. 6 . The total size is 40.4 mm × 23.4 mm, which is approximate 0.176 λ g by 0.102 λ g , where λ g is the guided wavelength on the substrate at f c . An Agilent 5230A network analyzer is used to perform the measurement. Fig. 7 shows the simulated and measured results. It indicates that there is good agreement between these responses. The measured insertion loss is within 0.5 dB up to 0.9 GHz, while the return loss is better than 15.5 dB up to 0.9 GHz. The 22.4 dB rejection band is up to 15.9 GHz, which is more than 17.6f c . The attenuation rate is 81 dB/GHz (attenuation: 3 dB at 1.08 GHz and 60 dB at 1.78 GHz).
To investigate the impact of radiation on the stopband rejection, a metal box (20 mm height) is used to load the LPF, as shown in Fig. 8 . Fig. 9(a) shows the measured results of the LPF with/without the box. The results show that the use of SIS causes some radiation, which will affect the attenuation level of the stopband. But the suppression of some harmonics has still been achieved for the enclosed LPF.
To analyze the effect of box modes, an absorbent material layer is attached in the top face of the box, which is also shown in Fig. 8 . The height of the absorbent layer is 1.8 mm. Fig. 9(b) shows the measured results with box and absorbent material. The passband characteristics are invariant under different conditions. The absorbent material absorbs a great amount of radiation and >21.1 dB attenuation up to 14.2 GHz has been achieved. Performance comparison with some published LPFs that are also designed to have a wide stopband is summarized in Table I . From the table, the merits of the proposed LPF are its compact size, low insertion loss and ultra-wide stopband.
IV. CONCLUSION
In this paper, a fifth-order LPF with wide stopband is proposed and fabricated. The proposed LPF is realized in theory and successfully verified by electromagnetic simulation and the experiment. Three open-circuited stubs, which introduce three additional zeros in the stopband of the LPF, are used to extend the stopband. Despite the simple structure, this filter shows good performance in and out of the passband. The measured results show that the proposed filter has compact size, low insertion loss, and ultra-wide stopband. Moreover, the proposed high-performance planar filter structure does not require any coupling line or DGS, this will be easy for fabrication and good for high-yield applications. He has authorized over 30 invention patents of China. He has authored over 300 papers in journals and conferences, which were indexed in SCI over 1500 times. One of his papers published in the IEEE TRANSACTIONS ON His current research interests include antennas in wireless communication, microwave filters, spatial power combining array, and numerical techniques in electromagnetics. VOLUME 5, 2017 
